Abstract -The effects of different levels of dietary crude protein on the development, antioxidant enzymatic activity, and total midgut protease activity of honey bees were investigated in the study. A total of 30 colonies of bees with sister queens were used in the test. Dietary treatments were pure rape pollen (Control) and pollen substitutes (PS) with crude protein (CP) levels at 15%, 20%, 25%, 30%, and 35% (designated as PS15, PS20, PS25, PS30, and PS35), respectively. We compared the effects of these diets on honey bees by measuring diet consumption, bee development (egg hatch, pupation success, and pupal weight), and the protein content of emergent adult bees, their antioxidant status and the activity of their midgut digestive proteases. Bees consumed significantly more (P<0.001) natural pollen than any PS, and bees fed PS had similar diet consumption over the entire experimental period. However, the total protein intake was varied (P<0.05). PS with a protein level about 30% was recognized as excellent quality diet for maximum body weight, highest protein content and antioxidant enzymatic activity, and PS with a protein rate about 35% exerted the greatest effect on increasing percentage of hatch and percentage of pupation. All these results indicate that PS appeared to be a valuable proteinaceous food approximated to the pollen, and 30∼35% of dietary protein level was optimal to maintain the colony development.
INTRODUCTION
Protein is one of the essential nutrients for the normal growth and development of honey bees (Moritz and Crailsheim 1987; Schmidt et al. 1995) . It has been shown that worker bees start to consume pollen just a few hours after emerging (Hagedorn and Moeller 1967; Dietz 1969) and that an adequate provision of proteins especially during the first 2 weeks after emergence is required to sustain their normal growth and development, and for them to be able to rear larvae (Haydak 1970) . Pollen is a natural and protein-rich food source for honey bees to obtain their required proteins (Schäfer et al. 2006) . However, the availability of pollen depends on the plants' growing seasons during the year. In addition, the pollen may contain spores of pathogens that cause diseases such as American foulbrood (Rothenbuhler 1964; Spivak and Reuter 2001; Hornitzky 2010) or chalkbrood (Gilliam et al. 1983; Spivak and Reuter 2001; Flores et al. 2005 ) in bees and/or larvae. Therefore, artificial protein diets have been studied as pollen substitute (or pollen supplement (PS)) to replace the natural pollen in the past couple decades. However, the majority of these studies were conducted to assess the effect of artificial protein diets on just few parameters such as amount of brood in the colony and colony population (Doull 1973; Herbert and Shimanuki 1982; Mattila and Otis 2006) . It has been reported that feeding artificial protein-rich diets has enhanced the growth of bee colonies in the spring or when the availability of pollen was limited (e.g., Schmidt et al. 1995; Somerville and Nicol 2006) . However, an ideal PS has not been developed due to the lack of basic information about the nutritional requirements of the honey bee.
Worker quality can be evaluated by several indicators, with longevity being the most common one influenced by protein status (Knox et al. 1971; Schmidt et al. 1987; Burgess et al. 1996; Chen 2001) . Previous research has demonstrated that insect longevity was inversely correlated with the antioxidant defenses (Arking et al. 2000; Phillips et al. 1989) . And whether antioxidant status of honey bee can be influenced by dietary protein level has not been studied before. Total protease activity in honey bee midgut is also an important parameter related to protein digestion. However, no research has concerned the relationship between total protease activity in honey bee midgut and dietary protein. So, the objective of the study was to systematically evaluate the effects of different dietary protein concentrations on bee development, the antioxidant status of newly emerged bees, and total protease activity in their midguts.
MATERIAL AND METHODS

Experimental design, bees, and management
The study used Apis mellifera maintained in two deep Langstroth hive bodies at the Apiary of the Shandong Agricultural University. Thirty colonies of bees with sister queens from the same breeding line were randomly allocated to six groups (five colonies per group). One group was fed pure rape pollen only (Control) and others were fed the PS diets (PS) with crude protein (CP) levels (dry matter basis) at 15%, 20%, 25%, 30%, and 35% (designated as PS15, PS20, PS25, PS30, and PS35), respectively. The treatments were arranged as complete randomized design.
The PS used were mixtures of corn meal, soybean meal and corn gluten meal that were all processed into particle sizes of 0.15 mm (Somerville 2000) . With the exception of different CP levels, the nutrient compositions of the PS were similar to that of rape pollen (Table I) . Samples of the PS, as well as rape pollen, were analyzed to determine total CP (total, N×6.25) according to the Kjeldahl N procedure. All diets were made in one batch and were stored in separate containers in shade prior to feeding.
Field study
At the beginning of the study, combs with stored natural pollen were replaced with empty ones and cupped brood combs without workers were exchanged among colonies. This meant that all experimental colonies contained 12 frames with a similar number of workers and broods. Colonies were adapted to each diet for 8 days first, then, the experiment was conducted for 33 days between August and September. Pollen traps were fitted to hives at all stages to remove pollen brought in by foragers. All the diets were processed into patties (500 g) consisting of rape pollen or one of PS (40%), 50% sucrose, and 10% honey by weight. Patties were all wrapped with a plastic film at the top, which significantly reduced the water loss. The per-weighed patty for each colony was then flattened between sheets of waxed paper and placed on the top of the frames over the brood cluster weekly. The bees had access to water and the patty ad libitum, but no other sources of water and food were available.
Measurement of bee population and consumption
The population of adult bee was recorded every 11 days, by estimating the area of frame covered with bees (one frame with two sides fully covered by single-layer bees was designated as 1-frame, about 2,500 bees. One frames partly, for instance, half covered by single-layer bees was designated as 0.5-frame, about Effects of dietary crude protein levels on development 1,250 bees.). Measurements of all these 12 frames with adult bees were summed for each colony. At the beginning of the 33-day experiment, we adjusted the population to 11-frame per colony (approximate 27,500 bees), but the population of adult bee slightly varied during the 33-day period, thus we calculated the diet consumption of 1-frame (2,500 bees) during each 11-day period (total 11-day diet consumption divided by the population of adult bees). And the data used for statistical analysis were the sum of these three times.
Measurement of development parameters
After 8-day adaption to experimental conditions, each queen was then confined on an empty comb enclosed in a queen excluder for 24 h in order to obtain bees of uniform age. After the queens were released, large quantities of eggs laid on the combs were obtained, from which 400 eggs (200 from each side of the comb) were labeled using a wire grid and the numbers of labeled eggs that hatched after 3-day period were recorded. Once the first sealed brood (pupa) appeared, the larvae were observed every 12 h until all of them had been sealed into their cells and numbers of pupae were recorded. On day six of the pupal period, ten pupae were sampled from each colony, placed into a 10-mL centrifuge tube and weighed. The procedure was repeated thrice for each colony and three weights were averaged to determine the weight of pupa. The sample weighing procedure was also utilized to determine the body weight of worker at emergence when the insect emerged as an imago.
Determination of protein content and antioxidant status of workers
Fifteen workers from each colony were collected at adult emergence and were stored at −80°C until they were analyzed for protein content and antioxidant enzyme activity. Upon the analysis, five frozen workers as one sample were homogenized with saline (0.9% solution, w/v) at the ratio of 1:9 at 4°C for 30 s. The mixture was then centrifuged (4°C) at 3,000 rpm for 5 min, and aliquot of the supernatant was used for protein determination using a Bradford Protein Assay Kit A045 (Institute of Biological Engineering of Naijing Jiancheng, Nanjing, China). The procedure was repeated thrice for each colony and the averages were used for statistical analysis.
The supernatants obtained from the procedure described above were also used for determination of antioxidant status. Total superoxide dismutase (T-SOD) activity was assayed using a T-SOD Assay Kit A001 (Institute of Biological Engineering of Naijing Jiancheng, Nanjing, China). The methodology used in the kit is the nitrite method described by Oyanagui (1984) . The method for superoxide dismutase (SOD) measurement is based on the ability of the enzyme to inhibit the formation of nitrite from oxidation of hydroxylamine in the presence of superoxide anion (O 2 − ; produced by the xanthine and xanthine oxidase system). The activity of SOD is expressed as units per mg protein and one unit of SOD was defined as the amount of SOD required to inhibit the rate of nitrite production to 50% at 37°C.
The concentration of malondialdehyde (MDA) was determined with a MDA Assay Kit A003 (Institute of Biological Engineering of Naijing Jiancheng, Nanjing, China) using the thiobarbituric acid method described by Placer et al. (1966) . The principle is that thiobarbituric acid combines with MDA to form a stable pink compound, which can be measured by a colorimetric method (OD at 532 nm).
Determination of total proteolytic enzyme activity in the midgut of workers
Fifty newly emerged workers from each colony were color marked on the abdomen and 10-15 of those were removed from each colony 7 days after emergence. The worker bees were first cold anaesthetized, midguts isolated by dissecting, and ten of them were analyzed immediately for protease activities. The midgut samples were homogenized in phosphate buffer solution (20 mM; pH 7.5) at the ratio of 1:99 for 30 s, the mixtures centrifuged at 3,000 rpm for 20 min, and the supernatant was used to determine the enzyme activity with Folin phenol reagent using the method described by Lowry et al. (1951) .
Data calculation and statistical analysis
All data were subjected to one-way ANOVA using the GLM procedure of SAS (SAS 9.1, SAS Institute 2003). The data were first analyzed as a completely randomized design with individual cage as a random factor to examine the overall effects of treatments. Orthogonal polynomial contrasts were also used to determine linear response of bees to different protein levels of PS. The significance was declared at P<0.05.
RESULTS
Bees consumed more (P<0.05) pollen than PS, whereas all bees in PS treatments had similar food consumption (Table II) . In contrast, total protein consumption of the Control (pollen) Percentage of eggs that hatched, percentage of larvae that pupated and weight of newly emerged workers increased linearly (P≤0.05) as the protein concentration increased from 15% to 35% in PS groups, but the weight of pupa was not varied (Table III) . And bees fed pollen (23% CP) had a similar development level to that fed PS20. Workers in PS15 had significantly lower (P<0.05) percentage egg hatch and pupation than those in PS35, and the newly emerged workers had lower weights than those in PS30 (P<0.05).
Effects of different diets on the protein content of newly emerged workers were shown in Figure 1 . Workers fed control pollen patty had similar body protein content to that of bees fed PS20, and comparison among the PS groups showed that protein content of newly emerged workers increased linearly (P<0.01) as dietary protein increased. Newly emerged workers fed PS15 had a lower protein content that those fed PS30 (P<0.05) and those fed PS35 were similar to other groups. Activity of T-SOD was similar among all groups regardless of the treatment (Figure 2a) . Concentration of MDA in the bodies of workers in Control group was also similar to that of workers in PS20 groups (Figure 2b ). However, body MDA concentration was reduced linearly (P < 0.001) as the dietary protein content increased from 15% to 35% in PS diet. Workers in PS15 contained the lowest T-SOD activity but the highest MDA content (P<0.05).
Total proteolytic enzyme activity in the midgut of bees were similar to each other among bees fed pollen, PS15, PS20, and PS25, which were all significantly lower (P<0.001) than those fed PS30 and PS35 (Figure 3 ). Further analysis showed that the enzymatic activity linearly (P<0.001) increased as the dietary protein content increased from 15% to 35% in PS.
DISCUSSION
In this study, we provide experimental evidence for a link between dietary protein and important parameters in honey bees. These results suggest that an adequate provision of protein is required to sustain normal development of bees.
Pollen vs. PS
This study showed that bees consumed significantly more natural pollen than any PS, which is in agreement with other reports (Pernal and Currie 2000; DeGrandi-Hoffman et al. 2010) . The higher intake of pollen than that of PS is likely due to the fact that pollen was more attractive and palatable to honey bee than PS. Studies have shown that chemicals attractive to honey bees reside in the lipid fraction of the pollenkitt (Dobson 1988) . Surprisingly, greater consumption of pollen did not enhance the development and growth performance of bees. Somerville (2005) revealed that what is probably more important for the growth and development of bees is the total protein intake of a colony but not simply food consumption. In this study, bees consumed significantly more pollen than PS30, but had lower development parameters, although the total protein intakes of these two groups were similar. This might have resulted from the different quantity of protein digested and absorbed since honey bees and bumblebees use proteolytic enzymes to digest dietary protein (Winston 1987; Malone et al. 1998 Malone et al. , 2000 . And Figure 1 . The mean concentration of protein in whole bodies (±SE) of newly emerged workers from colonies fed pollen and pollen substitutes (N=5 colonies per treatment). Different letters indicate significant differences among the treatments (P<0.05).
Effects of dietary crude protein levels on development the significantly lower midgut protease activity of bees fed pollen than that of bees fed PS30 supported this explanation exactly.
As there is a linear correction between enzyme activity and substrates, the question arises as to why the midgut protease activity varied between pollen group and PS30. Moritz and Crailsheim (1987) indicated that bees fed on pollen had quite low amounts of soluble protein in the midgut contents, due to the protective wall of the pollen grains (Stanley and Linskens 1974) . Therefore, the midgut protease activity of bees fed pollen might be weaker as the soluble protein reduced.
Pollen substitutes
In this experiment, PS diets were consumed in similar amounts even though their CP contents varied from 15% to 35%. This may partially be due to the fact that all PS diets had similar attractiveness (i.e., visual signal and phagostimulants) to bees. Boch (1982) found a strong correlation between color of pollen and its preference by foraging bees and suggested that the yellow color range was a common visual signal for attracting bees. In this experiment, all PS diets were in the same visual signal range that was comparable to pollen but had no phagostimulant added. Another possible explanation is that the workers may not distinguish the diet quality when the CP content varied from 15% to 35%. The results of this study are consistent with that of Schmidt and Johnson (1984) whose work also suggested that food consumption by worker bees was not related to pollen quality (e.g., protein concentration) but influenced by their physical or chemical cues.
Worker bees feed both the queen and the larvae with glandular secretions derived from their food (Schmickl et al. 2003) , so egg quality might be influenced by the nutrition the queen received and larva development might be affected by the nutrition the worker provided. The result that significantly more eggs hatched and larvae pupated in colonies fed PS35 compared with PS15 indicates that increasing the dietary content of CP from 15% to 35% enhanced the development of bees. Similar results were obtained by Herbert et al. (1977) . They reported that bees fed diets containing 23% and 30% protein reared more brood than bees fed diets containing 10%. All these results emphasized the importance of the amount of protein intake in the growth from egg to imago. Increasing protein intake enhanced the bee development is probably because honey bees need protein for producing cuticle (Campbell 1929; Wigglesworth 1933) , muscle, and other tissues (Somerville 2000) while they are growing, and a deficiency of proteins leads to developmental failures (Jay 1963) . The second possible explanation is that a lack of dietary protein can reduce the immunity in honey bees (Szymaś and Jędruszuk 2003; Alaux et al. 2010) . In other words, bees fed inadequate protein diet (PS15) are more susceptible to disease (Mattila and Otis 2006) and result in significantly lower survival rate (Jay 1964) . In this study, pupal weight was not affected by dietary protein content, but there was a tendency for bees consuming PS30 to grow faster during the pupal phase as compared with bees fed the other diets. In addition, diet containing 30% CP increased the weight and protein contents of newly emerged workers. These results are consistent with other reports that showed that dietary protein level affected bees' body size (Ribeiro 1994; Nguyen 1999; Roulston and Cane 2002) . Levin and Haydak (1951) also observed that the weight of honey bees at emergence was affected by the nutritional status of a colony and pattern of nutrient supply. Therefore, weight of emerging bees would be a reliable parameter assessing the nutritional status of a colony. Measurement protein content (especially hemolymph protein concentration) in honey bees is an effective method for the evaluation of protein diet quality (Cremonez et al. 1998; De Jong et al. 2009 ). Schmickl and Crailsheim (2001) showed that colonies experiencing protein shortage produced workers that had slightly reduced levels of protein. Inadequate pollen diet can lower worker nitrogen content (Duff and Furgala 1986 , although effects were lacking in some years). It is therefore reasonable to conclude that there is a robust association between dietary protein content and worker protein content. In order to evaluate the diet efficiency precisely, we tested the total protein content in newly emerged workers. Bees fed PS15 diet had lower body protein concentration than bees fed PS30 and PS35 diet although it was similar to other treatments, indicating that protein level in PS15 diet was not supportive for the optimum growth and development of bees. This is consistent with other growth and physiological parameters measured in this study (e.g., percentage egg hatch, percent of pupation and antioxidant status, etc.). All aerobic organisms generate reactive oxygen species in the process of their oxidative metabolism (Felton and Summers 1995; Michiels et al. 1994) . The reactive oxygen species can cause many destructive reactions contributed to the processes of aging and cell death. To protect against the effects of "oxidative stress," organisms have a variety of antioxidant enzyme present in the biological system. Among others, the SOD enzymes are recognized as being the most important antioxidant enzymes in scavenging the oxygen free radical. Malondialdehyde is formed as an end product of lipid peroxidation and therefore the extent of lipid peroxidation by reactive oxygen species can be monitored by MDA levels (Sumida et al. 1989) . The lower MDA concentration of bees fed PS25, PS30 and PS35 than for bees fed PS15 indicated that bee antioxidant status was improved by increasing dietary protein content from 15% to 35% and therefore lipid peroxidation was reduced. The inferior antioxidant status of bees fed PS15 to those fed PS25, PS30, and PS35 also suggests that dietary protein at 15% by dry matter does not support the optimum physiology of bees. The observation that MDA concentration was reduced even though T-SOD activity was not affected by dietary protein concentration is probably explained by alterations in other antioxidant enzyme activities, such as glutathione S-transferase, glutathione peroxidase, and glutathione reductase, which also exist in insects (Ahmad et al. 1991; Joanisse and Storey 1996) . Further research is needed in this area.
The higher midgut protease activity of bees fed the diet with 30% and 35% CP than those of bees fed other PS diets indicated that these groups of bees not only ate more protein but also digested and absorbed more protein than others. A highly significant correlation of some enzymes activities to protein content in midgut has been previous reported (Moritz and Crailsheim 1987) . Therefore, the higher levels of proteolytic enzymes activity in bees fed diet containing more protein is likely due to the greater amount of protein intake in these groups of bees. This result quite explains the phenomena that bees fed PS30 and PS35 had enhanced growth and physiological parameters measured in this study and supports the hypothesis of De Grandi-Hoffman et al. (DeGrandi-Hoffman et al. 2008 ) that perhaps the digestibility and accessibility of diet nutrients to worker bees influence the colony status even when consumption rates are similar.
CONCLUSIONS
Our study indicates that the PS used appeared to be a valuable proteinaceous food and provision of adequate dietary protein to a colony will improve brood rearing, weight of individual bees, body protein content, and antioxidant status of emerging workers. In this study, PS with a protein level about 30∼35% were recognized as an excellent diet for promoting bee development. These findings are particularly important for the successful beekeeping (management of colonies) using PS when natural pollen is unavailable.
